Work has continued at Colorado State to make basic measurements on CI(G)S and CdTe solar cells fabricated at different labs, to quantitatively deduce the loss mechanisms in these cells, and to make appropriate comparisons that illuminate where progress is being made. Cells evaluated included the new record CIGS cell, CIS cells made with and without CdS, and those made by electrodeposition and electroless growth from solution.
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SUMMARY
Work has continued at Colorado State to make basic measurements on CI(G)S and CdTe solar cells fabricated at different labs, to quantitatively deduce the loss mechanisms in these cells, and to make appropriate comparisons that illuminate where progress is being made. Cells evaluated included the new record CIGS cell, CIS cells made with and without CdS, and those made by electrodeposition and electroless growth from solution.
A second area of emphasis, the role of impurities, has focused on sodium in CIS. Cells with varying amounts of sodium added during CIS deposition were fabricated at NREL using four types of substrates. Best performance was achieved with 10 -2 -10 -1 at% sodium, and the relative merits of proposed mechanisms for the sodium effect were compared.
A new area of work has been the construction and testing of fine-focused laser-beam apparatus to measure local variations in polycrystalline cell performance. A 1 µm spot has been achieved, spatial reproducibility in one and two dimensions is less than 1 µm, and photocurrent is reliably measured when the 1 µm spot is reduced as low as 1 sun in intensity.
Elevated-temperature stress tests have been performed on both CdTe and CIS cells.
Typical CdTe cells held at 100 o C under illumination and normal resistive loads for extended periods of time were generally very stable, but those held under reverse or large forward bias and those contacted using larger amounts of copper were somewhat less stable.
Modeling of CdTe cells has produced reasonable fits to experimental data including variations in back contact barriers. A major challenge being addressed is the photovoltaic response of a single simple-geometry crystallite with realistic grain boundaries.
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TABLES
LOSS ANALYSIS
There were four explicit loss analysis projects during Phase I, all involving or related to CI(G)S cells, though additional loss analysis was performed in conjunction with the stress tests described in a later section.
One loss analysis project done in conjunction with NREL (1/25/99 report to Contreras) was an analysis of the 18.8% record efficiency CIGS cell. Fig. 1 compares the current-voltage curves of this cell with the previous record CIGS cell (17.7%) and the highest-efficiency crystalline silicon record CIGS cell has the same bandgap as silicon (1.12eV) while the earlier CIGS cell was slightly higher at 1.14 eV. These bandgaps correspond roughly to Ga/(Ga+In) of 23 and 27%, respectively. Table I illustrates the parameter-by parameter improvements from the previous to new record cell and the impact of each on efficiency. The last column gives the breakdown in efficiency improvement after correction for bandgap. The largest factor is an improvement in V oc by 24 mV relative to the bandgap, or equivalently a reduction in the forward-current recombination current by 40%. Remarkably, the value of V oc has reached 96% that of the best crystalline silicon. Also shown in Table I , the fill-factor has increased through a mixture of small improvements in series resistance R s , shunting r s and diode quality factor A. The current has also improved a small amount due to a slightly better red response, which implies either a longer diffusion length or a reduced free-carrier absorption by the ZnO window.
analysis of cells with absorber layers made by electrodeposition (ED) and by electroless solution growth (EL). The goal was to investigate possibilities for low cost processes, and the results have been encouraging: 15.4% efficiency for the best ED cell and 12.4% for the best EL cell. Table II shows the parameter comparison with the record cell discussed above. Since the band gaps vary, one would again need to include this difference in direct comparison of V oc and J oc . A final area of loss analysis has focused on the optical effects from different TCO layers. We did a series of reflection and transmission measurements, and also deduced absorption from these, on samples of ITO made at MRG (7/29/99 report to Wendt). We did similar measurements and analysis on ZnO 2 layers deposited at ISET (9/23/98 report to Basol).
IMPURITY EFFECTS
Studies of impurity effects during Phase I concentrated on the role of sodium in CIS and CIGS cells. A comprehensive description of this work is found in the Ph.D. thesis of Jennifer Granata, and a summary will be given here.
Sodium was added to CIS and CIGS absorber layers in controlled amounts by coevaporation of NaSe 2 with Cu, In, and Se using NREL's physical-vapor-deposition facilities. In each case four
Mo-coated substrates were used: (1) soda-lime glass (SLG) (2) soda-lime glass coated with SiO 2 , (3) Corning 7059 borosilicate glass, and (4) alumina. The first substrate allowed sodium to reach the CIS because of diffusion through the Mo, the second attempted to block sodium diffusion, and the latter two were nominally sodium free. Inductively-coupled plasma spectroscopy (IPS) and secondary-ion mass spectrometry (SIMS) were used to evaluate the amount and profile of sodium incorporation in the absorber layer. The actual concentrations ranged from about 1 ppm to a few per cent. and on alumina/Mo. In both cases, there is a distinct improvement with modest amounts of NaSe 2 and major deterioration if a large amount is used. The initial curve for the Na-free alumina substrate, however, is distinctively inferior to that of the sodium-containing SLG substrate. The low current of the 20-mg curve for alumina is due to other factors.
The largest sodium impact, excepting the very high concentration levels, is on the cell voltage (Fig. 2) . In Fig. 3 , V oc for the six sodium concentrations on each of the four substrates is plotted against the average sodium concentration of the CIS layer, which includes both that diffused from the substrate and that added in the deposition. There is scatter in the data, but the overall Detection limit 8 of sodium is accompanied by major decreases in current, especially in the red, and fill-factor as seen in Fig. 2 . In this Na-concentration region, the CIS layer consists of smaller grains and is much more porous.
The variation of a second key parameter, the average CIS hole density derived from capacitance measurements, with sodium concentration is shown in Fig. 4 . In this case, the hole density is near 10 15 cm -3 for sodium concentrations of 0.01 at% and below, increases to the 10 16 range for 0.1 -1 at% and becomes very large for higher concentrations where the morphology changes are observed. Improvements in CI(G)S cell performance with sodium addition have been seen by several groups, but there has not been agreement on the mechanism responsible. We believe it is a grain boundary effect, because (1) there is direct auger evidence of Na at the boundaries, but not in the bulk crystallite, (2) SIMS shows more total Na present with small-grained material than large, line. The structure is due to a finite width of the grid's optical cutoff and to reflective effects near the grid edges. This structure is useful to show the reproducibility of the system: the two types of data points correspond to two scans, one to the right and one to the left. Clearly, any backlash in the system is negligible. In fact, two dimensional scans over similar dimensions also
SMALL-SPOT MEASUREMENT
give response profiles that are reproducible on a scale of less than a micron.
High intensity light spots, such as those used in Fig. 5 , can induce a solar-cell response not indicative of that found under normal operating conditions, so the intensity of the 1 µm spot was systematically attenuated down to near 1 sun (see Fig. 7 ). Even at the lowest intensities, where The primary change seen in Fig. 8 is an increase in series resistance. Typically, such decrease in fill factor is the first effect to be seen, followed by decrease in voltage, and in extreme cases by lower photocurrent, particularly in the red. The degree of change illustrated by Fig. 8 varies considerably with fabrication details, particularly those related to the back contact, and with the electrical bias condition. Generally, the change is greater (11/5/98 report to NREL) when the cell is at open-circuit or higher forward bias or at a similar magnitude reverse bias. It also seems to be larger (11/9/98 report to NREL) when more copper is used in the contacting process.
Copper in fact is the primary suspect when there are stability problems with CdTe cells. It is used to form a p ++ or metallic-alloy layer on the back surface of CdTe, and it greatly facilitates a low-resistance contact, but copper is also a fast diffuser. As such, it appears with time to diffuse both away from the back contact, leaving it less ohmic, and towards the primary diode A final set of CIS and CdTe stress measurements was done at room temperature, but under increasing reverse bias. The purpose was to simulate conditions in a module where one cell might be partially shaded, and hence the other cells would force sufficient current through it to potentially cause damage. This project was assigned to undergraduate Yvonne Shelton, who will
give a presentation at the Spring American Physical Society meeting. Results showed that in general both CIS and CdTe cells were sufficiently leaky that reverse currents similar to J sc could pass through them at an induced reverse bias of a few volts. found that with increasing Φ c, the first effect was current-limitation, or "roll over," in the first quadrant, followed at larger values by distortion in the power quadrant and consequent reduction in fill factor.
These calculations also attempted to match credible cell parameters with the current-voltage curves of high-quality cells. The procedure worked well for J sc and ff, but predictions for V oc were consistently higher than those found in actual cells. Hence, an additional mechanism is strongly suggested, and the next step will be to add a layer of CdTe with considerably reduced lifetime near the CdTe interface. Such a layer would be consistent with growth morphology which shows much smaller grains near the interface. At the same time it is likely that the rest of the CdTe can be effectively modeled with a single carrier density.
A second, and very significant, part of the modeling effort has been to capture the inherently two-dimensional aspects of a polycrystalline solar cell without unduly complicating the problem.
The top part of Fig. 12 shows a realistic schematic of a typical CdTe cells. The TCO is flat, the CdS is granular, the CdTe grain boundaries are primarily moved to the original surface, and there The bottom part of Fig. 12 shows a further, but still realistic abstraction of the problem. The strategy is to first solve the problem for the simplified simple grain and then calculate the total 20 current from a spectrum of grain sizes, which when treated in parallel form a reasonable approximation of the solar cell.
Two other issues which should be amenable to straight-forward modeling are the known interdiffusion of CdS and CdTe and the common use of a high-resistivity TCO layer. In the first case, the mixed CdS/CdTe regions will alter both the bandgap profile and the likely density of recombination states. In the second case, there will be additional buffering of the cell's junction from the front contact, which may well be the key to reduction or elimination of the CdS layer.
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